Division of a millimeter-sized and compartmentalized fatty acid droplet is triggered by a chemical pH clock reaction operating on the ten-second time scale. The autonomous pH change inside the compartment translates into the deprotonation of the fatty acid molecules, leading to a negative interfacial tension at the water-oil interface inside the droplet. This phenomenon induces the expansion of the droplet, which is followed by its division into daughter droplets governed by the Plateau-Rayleigh instability.
Introduction
Self-division of microscopic or macroscopic compartments (reverse micelles, vesicles or macroemulsions) has gained much interest in the past decades because of the importance of creating and engineering a minimal cell that can be considered a necessary link in the transition of inanimate matter to life. [1] [2] [3] [4] [5] [6] [7] In these pioneering studies the self-division is governed by the instability of membranes containing surface active (e.g., fatty acid) molecules produced by chemical reactions occurring at the inner interface (e.g., basic hydrolysis of fatty acid anhydrides). These artificial compartments can serve as microsized reactors that support the replication of nucleic acids, 6 and it has been shown that this process can be successfully coupled to self-reproduction of giant vesicles. 7 DNA replication within giant vesicles and vesicle growth and division occur in two consecutive and distinct steps. 7 After DNA replication the vesicle growth and division can be externally initiated by the addition of a membrane precursor to DNA-amplified giant vesicles. Despite these fascinating results, self-division of small artificial compartments (droplets, vesicles) by autonomous internal stimuli remains challenging. Here we show that the self-division of a compartmentalized fatty acid droplet at the air-water interface can be successfully controlled in an autonomous way using a chemical reaction (pH clock reaction) operating on a ten-second time scale inside the compartment (Fig. 1) . [8] [9] [10] Experimental results are explained by a theoretical interpretation based on the Plateau-Rayleigh instability, and our statistical analysis reveals that the most probable scenario for division is into two and equally sized droplets.
Results and discussion
The process of droplet self-division is illustrated in Fig. 1 . We placed a small drop (B80 mL) of the 1 : 2 (v/v) mixture of 2-hexyldecanoic acid (HDA) (Sigma-Aldrich) and paraffin oil 11 (Sigma-Aldrich) containing a small amount (ca. 5 mg mL À1 ) of Oil Red (Sigma-Aldrich) dye for visualization in B4-5 mm deep DI water in a Petri dish. Then we carefully injected a smaller (B8 mL) drop from the premixed pH clock reaction solution Fig. 1 Cycle of the self-division. A fatty acid droplet containing a water phase inside with a pH (sulfite-formaldehyde) clock reaction that lasts for several tens of seconds (i). When the pH inside the droplet changes and reaches basic pH, the 2-hexyldecanoic acid (HDA) molecules become deprotonated, changing the surface tension inside the compartment and leading to the destabilization and expansion of the droplet (ii). The resulting toroidal (ring-like) structure becomes unstable and undergoes the PlateauRayleigh instability (iii) followed by the coalescence of some connected blobs (iv) and the division of the perturbed droplet (v).
into the center of the floating organic droplet with a micropipette, thus creating an inner water phase compartment. We prepared fresh stock solutions of reagents for a clock reaction prior to the experiments: (i) sodium sulfite (Sigma-Aldrich)/ sodium bisulfite (Sigma-Aldrich) buffer solution ([SO 3 (Sigma-Aldrich). 12, 13 Before the experiments, we mixed equal volumes of these stock solutions and immediately injected it into the center of the organic drop suspended in the air-water interface. This sulfite-formaldehyde clock reaction operates between neutral (slightly acidic) pH (B6) and basic pH (B10), and it can dramatically change the protonation rate of fatty acid molecules in this range, because the pK a of HDA is B8.3. 4 The process has two phases, the first, ''low'' pH, phase is governed by the sulfite/bisulfite buffer which compensates any changes in pH up to pH B 7.5 in the methylene glycol-sulfite autocatalytic reaction (Fig. 1) . The second phase starts when all sulfite has been consumed, which is followed by an autocatalytic evolution of OH À producing a fast pH change up to pH B 10 (''high'' pH state).
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After the aqueous solution containing the pH clock reaction had been injected into the organic drop, it formed a stable compartment, lasting for about 20 s (induction period). This long stability indicates that the compartment was fully engulfed by the droplet, covered with a thin organic layer from below and above (Fig. 1) .
As Patashinski et al. demonstrated, 14 a chemical reaction between two non-miscible liquids can rapidly create surfactants directly at the interface, and this reaction-driven overpopulation can make the effective interfacial surface tension negative. This phenomenon was exemplified by the deprotonation of HDA molecules at the interface between a non-polar phase and the surrounding aqueous medium containing a strong base. Similarly, when the pH inside our compartment changed from neutral (pH B 6.0-8.0) to basic range (pH B 10.0) more and more HDA molecules migrated to the inner interface and became deprotonated, resulting in a negative effective surface tension, thus destabilizing and expanding the interface. This then led to the disruption of the thin organic layers below and above the compartment, transforming the spherical topology of the original droplet to a ring-like (toroidal) structure ( Fig. 1 and Movie S1, ESI †). As the aqueous space in the hole of the ring remained basic, containing dissolved deprotonated HDA surfactant molecules, the air-water interface in the hole must have retained a smaller surface tension than the outside, leading to a fast expansion of the ring. Note that there was a lag of about a second between the times when the pH clock reaction reached the highest value and when the expansion started, probably due to the deprotonation dynamics and the reorganization of the HDA molecules at the water-oil interface inside the droplet. We carried out control experiments injecting a drop of basic solution (pH B 10) into the organic droplet. The division started about a second later, showing that this phenomenon is indeed driven by a pH induced surface tension change. The initial growth speed (v) of the radius (R) of the ring was of the order of 0.1 ms À1 which is consistent with a surface tension driven process. This can be verified by the following argument. The outward force acting on a small (Dl long), approximately cylindrical segment of the ring due to the surface tension difference (Ds) between the outside and the inside of the ring is DsDl. This is balanced by the viscous drag force, which, at the high Reynolds number that characterizes the expansion (Re = vR/Z B 10 The expansion of the ring must have terminated when the solution in the hole became diluted and its surface tension returned to that of pure water. From this moment on the shape of the ring-like organic drop became driven solely by the surface tension of the organic phase in pure water (below) and air (above). As a narrow ring can be considered as a slightly bent cylindrical object, it is expected to undergo the so-called Plateau-Rayleigh instability (best known from the breaking up of a stream of fluid into droplets), 15, 16 resulting in the self-division of the ring into
small separated droplets. 17 Although the number of initially appearing blobs on the ring in the experiments was consistent with this value (Fig. 2) , several neighboring blobs remained connected to each other and then coalesced; thus the final number (N) of the daughter droplets became somewhat smaller (Fig. 2) . We also investigated the efficiency of the pH clock reaction driven autonomous self-division, because not all pH cycles could trigger the self-division of the original (mother) droplet into two smaller parts. Fig. 3a shows the probability distribution of the number of daughter droplets formed after the selfdivision. Typically, the mother droplet is split into two daughter droplets with a high probability (P = 50%), which is the consequence of our protocol that leads to a torus with a geometric ratio R/w mostly around 4 (see Fig. 2 ). The probability to produce more daughter droplets decreases and division into 6 or more droplets has not been observed in our 120 experiments. Interestingly, 10% of the experiments remained unsuccessful in the sense that the clock reaction could not induce division into at least two parts. Additionally, we examined the size ratio of the daughter droplets when exactly two of them were formed (Fig. 3b) . We found that the most probable scenario is that the reaction driven self-division produces two similarly sized droplets, which is not surprising as both the Plateau-Rayleigh instability produces uniform blobs and their subsequent coalescence occurs uniformly.
Conclusions
One of the key aspects of living cells is that they can self-divide in an autonomous way. We showed that such self-division can exist in an inanimate system. We constructed a simple millimeter-sized chemical object that can self-divide via a combination of nonlinear chemical dynamics and fatty acid chemistry. In our case this process is controlled by a chemical pH clock reaction, where pH change is translated into the change of the protonation of fatty acid head groups, inducing a surface tension driven self-division through the Plateau-Rayleigh instability. Obviously, this selfdivision does not repeat itself, as it would require both the growth of the daughter droplets and the reinitiation of the chemical reaction. Nevertheless, our experiments demonstrate that autonomous self-division of small droplets suspended in water can be achieved by a simple chemical reaction.
Division of a fatty acid droplet by a pH clock reaction is reminiscent of the division of a living cell, where the process is based on and driven by a biochemical nonlinear reaction network. It should be noted that the division of living cells is much more complex and has been shaped by millions of years of evolution. Yet, our observation can be considered as a step towards bridging the gap between the inanimate and animate world. Fig. 2 Dependence of the number of initially appearing blobs/nodes (N init ) due to the Plateau-Rayleigh instability and the number of the daughter droplets (N) on the ratio of the radius (R) and the width of the ring (w) when the ring (toroid) has the highest spreading area. Solid line corresponds to the theoretical prediction given by eqn (1). Fig. 3 Probability distribution of the number of the daughter droplets (a). The most probable scenario is the division into two droplets. Probability distribution of the size ratio of the droplets when two droplets are formed (b). The most probable event is the formation of the two and equally sized droplets.
